Alterations of drug efficacy by the circadian clock are a concern when assessing drug therapies. Circadian rhythms persist in some cancer cells and are repressed in others. A better understanding of circadian activities generated within cancer cells could indicate therapeutic approaches that selectively disrupt rhythms and deprive cells of any benefits provided by circadian timing. Another option is to induce expression of the core clock gene Per2 to suppress cancer cell proliferation. We used the C6 rat glioblastoma cell line to identify rhythmic cancer cell properties that could provide improved therapeutic targets. Nuclear uptake of the anti-cancer agent doxorubicin by C6 cells showed a circadian rhythm that was shifted six hours from the rhythm in Per2 expression. We also observed circadian expression of the Crm1 (Xpo1) gene that is responsible for a key component of molecular transport through nuclear pores. C6 cultures include glioma stem cells (GSCs) that have elevated resistance to chemotherapeutic agents. We examined C6 tumorsphere cultures formed from GSCs to determine whether Hes1 and Bmi1 genes that maintain GSCs are under circadian clock control. Unlike Per2 gene expression in tumorspheres, Hes1 and Bmi1 expression did not oscillate in a circadian rhythm. These results highlight the importance of the nuclear pore complex in cancer treatments and suggest that the nuclear export mechanism and genes maintaining the cancer stem cell state could be inhibited therapeutically at a particular phase of the circadian cycle while preserving the tumor-suppressing abilities of Per2 gene expression.
glioma cells. Finally, the expression patterns of two genes that maintain glioma stem cells were examined in relation to the circadian clock.
Materials and Methods

Cell Culture
Rat C6 glioma cells obtained from American Type Cell Culture (catalog number CCL-107) were cultured in what was designated as complete medium that consisted of Dulbecco's Modified Eagle Medium (DMEM) containing penicillin (100 units/ml), streptomycin (100 μg/ml), 10% fetal bovine serum (FBS) and no pyruvate or phenol red. Cells were grown in 100-mm tissue culture dishes and incubated at 37˚C in 5% CO 2 . Cells were passaged when they reached near confluency. C6 cell lines were co-transfected with a mPer2::mPer2:luc construct, which produced a fusion protein containing mPER2 and firefly luciferase along with the product of CMV::neo [23] These cells were used for all experiments.
To produce tumorspheres, cells were grown in either high glucose serum-free DMEM without pyruvate and with 10% FBS added (serum medium, SM) or in a stem cell medium (SCM) containing 20 ng/ml epidermal growth factor (EGF); 15 ng/ml fibroblast growth factor-2 (FGF2, Life Technologies); and 15 ng/ml plateletderived growth factor-AB (PDGF-AB) (PeproTech) in the same DMEM and without serum. Penicillin and streptomycin were added to all media.
Bioluminescence Assay
Cells were seeded (10 5 /dish) in 35-mm tissue culture dishes and incubated in DMEM containing 10% FBS at 37˚C in 5% CO 2 . When plates were 90% -100% confluent, they were washed twice with a 10 mM Hepes-buffered, low-bicarbonate, phenol red-free DMEM designed for use in room air [38] , along with 10% FBS, designated as final medium (FM), After an exchange with Hepes-buffered medium, cells were treated with 20 μM forskolin (Sigma-Aldrich) for 2 hours to synchronize the cellular circadian clocks. Immediately before bioluminescence imaging, 0.2 mM of the luciferase substrate luciferin (Xenogen) was added. To monitor rhythmic expression of the PER2 clock protein, bioluminescence was recorded using a Wallac Victor 1420 Multilabel plate reader (Perkin Elmer). The plates were maintained at 37˚C while readings were taken repeatedly for 50 or 96 hrs. The background noise was subtracted from each reading and signals were summed across replicate cultures.
Confocal Time-Lapse Imaging of Doxorubicin Nuclear Transport
C6 cells for imaging were seeded (10 5 cells/dish) in 35-mm tissue culture dishes and incubated overnight in DMEM containing 10% FBS at 37˚C in 5% CO 2 . The cells were washed twice with FM. After the exchange with Hepes-buffered medium, cells were treated with 20 μM forskolin for 2 hrs to synchronize the cellular circadian clocks. After two hours, cells were rinsed again and imaged on the confocal microscope system with a DMI3000B inverted microscope (Leica Microsystems) equipped with a Spectra X LED light engine (Lumencore), X-Light spinning-disk confocal unit (CrestOptics) and a RoleraThunder cooled CCD camera with back-thinned, back-illuminated, electron-multiplying sensor (Photometrics) with Metamorph software controlling image acquisition and data analysis (Molecular Devices). Confocal images were collected with a 63X oil immersion objective using standard fluorescein filter wavelengths. Cells were first imaged for autofluorescence. Cells were then treated with 10 μM DOX and immediately imaged to quantify nuclear transport with a timelapse feature of Metamorph. A single field of view was captured at 5-min intervals over a period of 120 min. The time point at 2 hrs after the forskolin treatment was the 0-hr circadian time point. Using the same method of synchronization, DOX treatment, and time-lapse confocal imaging, data were collected from other circadian time points at hours 6, 12, 18, 24, 36, and 48.
Data Analysis
Confocal fluorescence images at each 5-min interval were collected into a stack for each circadian time point. The background intensity of the images was subtracted based on the average intensity measurements from controls in which cells were not treated with DOX. ImageJ software (NIH) was used to draw a region-of-interest (ROI) in the nucleus of all the cells in the frame from the middle of the image stack. The maximal fluorescence intensity of the ROIs was measured. The average of the maximal fluorescence intensity of DOX in the nucleus of all cells in the field of view was used for every time point in the 120-min time lapse video images at all the circadian phases. The averages across the 120-min time series after DOX treatment for each circadian phase were also measured.
Promoter Sequence Identification and Transcription Factor Binding Site Identification
The NCBI Entrez Gene database was used to search for eight NTC genes representing transportins and NupsNup98 (Gene ID 4928), Nup153 (Gene ID 9972), Nup214 (Gene ID 8021), Nup62 (Gene ID 23636), Nup188 (Gene ID 23511), Kpnb1 (Gene ID 3837), Tnpo1 (Gene ID 3842), and Crm1 (Xpo1, Gene ID 7514). Programs used to locate genes and regulatory sequences of transcription factor binding sites included FirstEF (http://rulai.cshl.edu/tools/FirstEF/) for promoter site prediction; the Matrix Search for Transcription Factor Binding Sites (MATCH, http://www.gene-regulation.com/cgi-bin/pub/programs/match/bin/match.cgi); and JASPAR (http://jaspar.genereg.net/) that uses a curated transcription factor binding profile database.
RNA Extraction from C6 Cell Line and cDNA Synthesis
To evaluate rPer2 and rCrm1 gene expression total RNA was isolated from C6 cell lines using Arcturus Pico Pure RNA Isolation Kit (Life Technologies) at specific circadian time points after forskolin treatment. C6 cells for imaging were seeded (10 5 cells/dish) in 35-mm tissue culture dishes and incubated in DMEM medium containing 10% FBS at 37˚C in 5% CO 2 , overnight. The cells were washed twice with FM and treated with 20 μM forskolin for 2 hrs. At the end of two hours, medium was exchanged with fresh FM. After the first 24-hr cycle, the total RNA was collected every 4 hours for 24 hours, starting at hour 0. The isolated RNA concentration was measured using a nanodrop spectrophotometer (ThermoFisher Scientific), and quality was assessed on a 2.5% agarose gel. The RNA was stored at −80˚C until used for cDNA synthesis. A total of 2 μg of RNA for each time point was used for first strand synthesis using a high capacity cDNA synthesis kit from Applied Biosystems. The cDNA was synthesized at 37˚C for 120 minutes followed by 5-min incubation at 85˚C. The cDNA was stored at −20˚C until the next analysis.
RNA Extraction from C6 Tumorspheres and cDNA Synthesis
To address the question of whether the cancer stem cell genes rHes1 and rBmi1 are under clock regulation we performed qPCR analysis of their transcripts at 6-hr intervals for 48 hrs. A 2-hr, 20 μM forskolin pulse that was used to synchronize mPer2 reporter gene rhythms in C6 cells before bioluminescence imaging was also used to synchronize spheres for total RNA extraction. The spheres (20 -30 at each time point) were harvested starting 24 hrs after synchronization to avoid any acute effects of the forskolin pulse. The quality of RNA at each time point was checked for RNA integrity using gel electrophoresis. Only if the RNA was stable and no degradation was observed was it used for cDNA synthesis followed by qPCR analysis. As a positive control we used primers for Per2. RNA storage and cDNA synthesis was the same as for cell cultures.
Quantitative Real-Time Polymerase Chain Reaction (qPCR)
PCR primers used for this experiment are listed in Table 1 . An initial DNA denaturation step at 95˚C for 2 min was followed by 40 cycles of denaturation at 95˚C for 30 s, primer annealing at 58˚C for 15 s, and extension at 72˚C for 30 s. The primer specificity was confirmed by sequence searches in human and rat DNA databases (NCBI Primer search) and analyzed electrophoretically on agarose gels. The qPCR was performed using a Bio-Rad MJ Mini Opticon thermocycler (Bio-Rad) and Bio-Rad CFX Manager software. All PCR procedures were performed in duplicate in a volume of 20 μl using 48-well optical-grade PCR plates and an optical sealing tape (USA Scientific). The C6 cell culture and tumorsphere results were normalized to β-actin expression (ΔCt). After normalization the transcript levels at each time point were calibrated to the 0-hr time point (ΔΔCt) and mRNA levels at each time point were calculated using the formula 2 −ΔΔCt .
Results
Nuclear Import of Doxorubicin in C6 Glioma Cells Varies According to Circadian Phase
We choose DOX for testing whether nuclear import is regulated by the circadian clock because of its inherent Table 1 . Primer pairs used in qPCR analysis of cancer stem cell genes in C6 cell line and tumorspheres.
fluorescence from its central anthracycline chromophore group [39] , which makes it a popular research tool, and because it is used clinically for treatment of glioblastomas [40] - [44] . Additionally, DOX has also been used with the C6 cell line to study antitumor effects. DOX nuclear import was tested with C6 cells at different phases of the circadian cycle after individual circadian cell clocks within the culture were synchronized with forskolin (20 μM for 2 hr). DOX was then delivered at seven time points. DOX accumulation in the nucleus over the 2 hrs after drug delivery was measured with a spinning disk confocal fluorescence microscope and non-laser light source to minimize any phototoxic effects on the cell. Integrated nuclear intensity measurements were made within an image plane passing through the cell body (Figure 1) . Within the field-of-view used for measurements the average number of cells was 14.85 ± 1.574 (SD, range 12 to 17] across all circadian phases.
There was a nearly linear increase in nuclear uptake of DOX during most of the exposure time (Figure 1(a) ). At the end of 2 hrs of imaging, the highest DOX nuclear signals were at the 0, 24, and 48-hr time points. An estimate of the rate of increase was provided by a linear regression that revealed a circadian rhythm in the fitted slope (Figure 1(b) ). A point of saturation was observed for nuclear DOX uptake at the 24-hr point. The nuclear localization of DOX 2 hrs after application at the 24-hr phase is shown in Figure 1(c) .
When the nuclear entry was analyzed to take into account individual time points from the 2-hr time series after DOX treatment, there was a similar circadian pattern with higher nuclear transport at 24 hours and lower transport at 36 hours (Figure 1(d) and Figure 1(e) ). By 2 hours after DOX delivery, peaks in nuclear signal were observed 24 hours apart.
When the circadian rhythm in DOX nuclear uptake was compared with the rhythm in mPer2 gene expression, measured with a firefly luciferase reporter gene, the peak uptake preceded the mPER2:LUC peak expression by about 6 hours (Figure 2) . The mPer2 clock gene expression was derived from a C6 culture expressing a reporter gene that generates a fusion protein of mPER2 and firefly luciferase under control by the mouse Per2 gene promoter. The mPer2-expressing cultures had a significant circadian period of 25.16 hrs (p < 0.001) according to Lomb-Scargle periodogram (LS) analysis [45] .
Many NTC Genes Are Regulated by the Circadian Clock in Mouse Tissues
We performed a screen for all clock-controlled genes that could be responsible for the rhythm in nuclear uptake. Because Nup98 and CRM1 proteins form a complex and mutated forms of Nup98 are present in leukemia cells we were particularly interested in any evidence of their circadian regulation through control of gene expression. We searched the CircaDB collection of cDNA microarray results for genes of known NTCs with circadian expression rhythms in mouse tissues and cell lines. Table 2 shows that genes encoding many of the important nuclear pore components and transporters have statistically significant circadian rhythms in gene expression (29 of 46 genes). Members of the import receptor family (e.g., importin β1) and export receptors, including Crm1 and Nup98, are rhythmic in the tissues shown, suggesting that clock control of these genes is also possible in glioma cells. Several important Nups also showed circadian rhythms in their mRNA transcripts, providing evidence that the NPC is repaired or renewed daily. The liver was the most common site for circadian rhythms (18 genes), and only 4 genes were rhythmic in the brain (SCN). However, the high heterogeneity of cell types in the SCN might explain the lack of observable rhythms for some of the genes. Measurements of total mRNA expressed in the SCN may not detect a rhythm if the gene is expressed in circadian clock cells that operate at different phases relative to each other. In addition, a sufficient number of non-rhythmic cells that also express the candidate gene can obscure detection of a gene's circadian rhythm in clock cells.
Because of the importance of the Crm1 gene in cancer and the evidence of its control by the clock in the brain, we performed a promoter analysis to identify candidate circadian regulatory elements using the programs MATCH, JASPAR and AliBaba2. We found a canonical CACGTG E-box in the promoter, which is the element bound by the core clock proteins CLOCK and BMAL1 (Arntl). These proteins dimerize forming a transcription factor that rhythmically activates core clock genes, including Per2, and at least 10% of the genome. Nup98 was not selected for further study because it was not found to be rhythmic in the brain. The Nup98 promoter lacks the E-box, but we did identify a glucocorticoid receptor suggesting that the observed rhythm in the heart might be from regulation through the known circadian rhythm in glucocorticoid activity [46] .
There are additional regulatory pathways that could explain the circadian rhythms described in Table 2 . For example, we found that the promoter regions of Nup214, Nup188, and Nup153 contain transcription factorbinding sites for PAX-4, EVI-1, IRF, and AP-1 transcription factors that are significantly overrepresented in promoters of clock-controlled genes [47] . Also, we did not test for presence of other sequences that provide clock-control such as the D-box, which binds the clock gene DBP, or the RRE, which binds the retinoic acid-type receptors Rev-Erb and ROR that serve in the core clock mechanism [48] . Additional studies should determine whether these elements and the E-boxes function in circadian control of the rhythmic genes identified here.
Crm1 Expression Exhibits a Circadian Oscillation in C6 Cells
We focused on regulation of the rat Crm1 gene by performing a qRT-PCR study of C6 cells that were synchronized with forskolin as in the DOX procedure. Total RNA was harvested at 4-hr intervals for 24 hours after a 2-hr forskolin pulse. To identify the phase of the circadian oscillation in the culture we also measured Bmal1 expression. The cells were harvested starting 24 hours after synchronization to avoid any acute effects of the forskolin pulse. The rCrm1 transcripts showed peak expression about 4 hours after peak Bmal1 expression (Figure 3) . This delay would be expected if rCrm1 is activated by the CLOCK/BMAL1 complex.
Circadian Rhythms in C6 Tumorspheres are not in Phase with Oscillations in Hes1 or Bmi1 Gene Expression
To evaluate whether the circadian clock controls genes that maintain GSCs in an undifferentiated state [49] - [51] we measured Hes1 (hairy and enhancer of split 1) and Bmi1 (B-cell-specific Moloney murine leukemia virus integration region 1) genes in forskolin-synchronized tumorspheres at intervals for up to 72 hrs. To minimize error from a single forskolin treatment, the experiment was completed in two sessions in which RNA was collected from two sets of forskolin-treated tumorsphere cultures with the sampled time points alternating between the sets. The tumorspheres displayed the predicted near 24-hr oscillations in the transcript levels of rPer2 (Figure 4 ), in agreement with previously measured circadian rhythms in mPer2 expression in C6 cell cultures [9] and tumorspheres [23] . However, we did not observe a 24-hr oscillation in the transcript levels of rHes-1 or rBmi1, and both genes were expressed at frequencies outside the circadian range, suggesting that these stem cell maintenance genes operate without significant circadian clock control.
Discussion
Circadian Rhythms in Nuclear Uptake
The evidence of circadian clock-control of the nuclear pore complex and its associated proteins presented here has implications for the timing of drug delivery when treating gliomas. If the circadian phase of rhythms in tumors can be determined, then DOX could be delivered at the most effective phase for nuclear uptake, which was found here to occur when PER2 levels are increasing and about 12 hours from the rise in BMAL1 levels. This most effective phase occurred at roughly 24-hr intervals after forskolin was applied, suggesting that other agents that elevate cAMP levels, such as caffeine, might also synchronize this phase in the types of gliomas cells that express circadian rhythms. This insight could provide optimal phasing of treatments with DOX and similar anticancer agents. Additional studies are needed to also identify the circadian phase when DOX most effectively kills cancer cells. Evidence of circadian clock effects on DOX efficacy has been shown in a breast cancer cell line, although the role of circadian timing on nuclear uptake was not examined [52] . Numerous studies and clinical trials have demonstrated that toxicity, tolerability, and pharmacokinetic endpoints of chemotherapeutic drugs, including DOX, are strongly time dependent [53] . Being an intercalating agent, DOX needs to be maximally translocated into the nucleus to effectively induce toxicity in cancer cells. Based on previous studies of DOX nuclear translocation, its movement appears to depend on interaction with the 20S proteasome subunit. Autofluorescence imaging of DOX nuclear entry has been linked to simultaneous movement of the 20S proteasome subunit into the nucleus [35] - [37] .
The observed rhythm in DOX accumulation could be explained if the 20S subunit is rhythmically translocated into the nucleus. Nuclear transport of the 26S proteasome, composed of a 20S core capped at one or both ends by 19S regulatory complexes [54] , follows the classical nuclear transport pathways for import of its core particles or uses Blm10, a HEAT-like repeat protein structurally related to the NTC karyopherin β (Tnpo1). Interestingly, Tnpo1 gene expression shows circadian rhythms in the SCN of mice under constant dark conditions [55] and throughout the brain. It is not yet known whether this rhythm is reflected in the protein's activity. The regulatory particles associated with the 26S proteasome structure use classical nuclear import mediated by a nuclear localization signal (NLS). The mechanism controlling export of the proteasome is not clear [56] [57] .
Along with possible circadian modulation of the proteasome, the DOX results may be explained by clockdependent regulation of specific NTC genes. Based on several studies, 2% to 10% of mammalian genes are clock-controlled genes (CCGs) depending on the tissue, and many more genes are under indirect clock control by CCGs [58] - [61] . It was apparent that the circadian clock modulates the activity of many NTC genes, either directly or indirectly, according to the search of individual mouse genes in CircaDB that includes data from several studies of circadian transcript levels [59] [62] . Although these NTC genes are under clock control at the transcriptional level, particularly in the liver, it is not yet known whether this is true in glioma cells that have retained a functional circadian clock.
If human glioma cells contain their own circadian timing, they may benefit from this ability to anticipate predictable daily events. It could promote their survival and proliferation, like that of normal cells, by partitioning competing metabolic events into different times of day and by directing molecular processes to prepare for surges in nutrient availability following meals or the many daily cycles of cytokines, growth factors, and other hormones that impact cancer cells.
Rhythms in Crm1 Gene Expression
A second circadian property of C6 cells that could impact glioma treatments is the oscillation in Crm1 expression that occurs at a phase expected for a CCG driven by oscillations in BMAL1/CLOCK activity. Along with the canonical E-box of the Crm1 promoter region and its circadian expression in the SCN, this result indicates that drugs targeting CRM1 [63] [64], such as leptomycin B, could be more effective or better tolerated when applied at a particular time a day. A phase for optimal delivery may depend on whether CRM1 protein abundance is driven by its rhythm in expression. Furthermore, use of circadian timing to more effectively target CRM1 may also suppress activity by its partner Nup98 in leukemia.
CRM1 is a ubiquitous nuclear export receptor that binds to cargo proteins containing the hydrophobic nuclear export signal (NES). About 240 macromolecules are exported by CRM1 including tumor-suppressive proteins and oncoproteins [65] . Along with its cooperative interaction with mutated Nup98 protein, the hyperactivity of CRM1 in cancer cells may accelerate export of tumor suppressors into the cytoplasm, thereby increasing cancer proliferation [63] . Of course, CRM1 might export protein complexes with DOX or other drugs, and a rhythm in Crm1 activity could also explain the rhythm in DOX accumulation we observed.
CRM1, along with other common nuclear transport receptors, serves in nucleocytoplasmic shuttling of circadian clock proteins [66] , a major feature in the molecular timing mechanism [67] . Disrupted circadian rhythms can lead to deregulated cell proliferation and possibly tumorigenesis [22] [68] . A regular circadian schedule and proper functioning of clock components appears to provide protection from some cancers. The timing of clock protein entry, residence time in the nucleus, and export of these proteins and their mRNA are important for circadian rhythms of the cell [69] . Most of the clock proteins contain NLS and NES sequences for receptor mediated nuclear transport [66] [70] [71] , and depend on CRM1 as a major player in nuclear export of clock proteins [72] [73] .
A most interesting result from this study is the identification of Crm1 oscillations in C6 cell cultures. Many of the circadian rhythms listed in Table 2 are in tissue harvested at different phases of the circadian cycle. Some of these oscillations may be driven by circadian clocks located outside the tissue that was collected. Only two of the NTC gene oscillations were found in a cell culture, which are rhythms produced by circadian clocks endogenous to those cells. By identifying a significant oscillation in Crm1 gene expression in C6 cells we have provided strong evidence that it is driven by the circadian clock known to exist in these cells, suggesting that Crm1 activity rhythms are present in other gliomas.
The Circadian Clock in Glioma Stem Cells
A third circadian property of C6 cells indicating additional options for glioma treatment is the circadian rhythm in the GSC population. We previously described circadian rhythms in C6 tumorspheres, which are enriched detached cultures of GSCs and progenitor cells [23] . Although lacking a circulatory system and stromal cells, tumorspheres are a model of tumor behavior under controlled conditions not achievable in animal studies, revealing what GSCs are capable of, but not necessarily what occurs in gliomas.
As a way to study cancer cell proliferation or differentiation, tumorspheres can also reveal basic molecular processes regulating other stem cells and development because of shared stem cell maintenance genes. It is also clear that nuclear pore proteins have a larger role than just nucleocytoplasmic transport and are fundamental players in embryonic stem cells as well [74] - [76] . For example, cell type-specific Nup133 expression is enhanced during particular developmental stages [77] , and Nup153 suppresses developmental genes in embryonic stem cells [78] .
The role of circadian rhythms in cancer is linked to their role in the differentiation of stem cells and progenitor cells. The circadian clock emerges most clearly as neural stem cells differentiate [79] - [81] . To determine whether circadian clock control extends to genes that regulate stem cell proliferation and suppress differentiation, we measured transcript levels of the rat Hes1 and Bmi1 genes in C6 tumorspheres [49] [51] [82] . The oscillations in their expression did not match the circadian oscillation in Per2 gene activity, indicating that some stem cell regulation continues through higher frequency signals than those found in the circadian clock. Because of the linkage between Nups and embryonic stem cells additional studies should examine other NTC genes in GSCs and determine whether they too undergo rapid oscillations instead of circadian control. Nevertheless, the tumorsphere results did confirm that cultures enriched in GSCs express circadian rhythms in clock gene expression and so provide opportunities for exploiting phase-dependent differences in drug effects on these persistent cancer cells.
Conclusion
A challenge is to find inhibitors of Crm1, Hes1, or Bmi1 that have minimal effects on BMAL1 and CLOCK expression. Alternatively, agents that induce Per2 but not BMAL1 could be effective by increasing the amplitude of circadian rhythms in those cancers that would respond to improved circadian timing, and the results shown here suggest that they could be delivered at a phase that would not affect Crm1. Furthermore, drugs currently used to suppress Crm1 or Notch pathway inhibitors might be given at a phase that avoids Per2 suppression to preserve the clock while still remaining effective.
